H I G H L I G H T S  A hybrid pneumatic-combustion engine using compressed air injection boosting is proposed  The steady state and transient performance of the HPCE are studied  HPCE can effectively avoid the turbo-lag effect and improve the performance Abstract In this study, a new form of hybrid pneumatic combustion engine based on compressed air injection boosting is proposed. The hybrid pneumatic combustion engine regenerates the wasted energy during engine brake to improve the engine performance achieving better fuel economy. The mathematic model of the hybrid pneumatic combustion engine including a supercharged engine and the compressed air tank has been established. The steady state and transient performance of the engine are analysed. Results show that the air injection boosting system can effectively improve the steady-state performance. Under the speed of 1900 r/min and 100% load, the engine torque and power can be increased from 1039 N•m, 206.9 kW to 1057 N•m, 210 kW by adopting air injection boosting with the injection pressure of 0.5 MPa. Effects of air injection parameters are also studied, showing that better performance can be achieved under higher air tank pressure and larger injection hole diameter. In addition, a transient analysis is completed under the speed of 1100 r/min. The result shows that when air injection boosting is used, the responding time of the engine to an instant load increase can be potentially reduced from 5.5 s to 3.5 s under the injection pressure and duration of 0.5 MPa and 3 s. Meanwhile, the tank pressure has limited influence on 2 the transient performance of the engine.
Introduction
In order to potentially solve the problems including environmental pollution and the shortage of fossil fuels, various environmental-friendly automobile technologies have been proposed in the past few decades. In addition to the efforts on the design of combustion chamber [1] , fuel or water injection strategy [2] [3] [4] and alternative fuel [5, 6] , the application of hybrid propulsion system is also one of the potential solutions to improve the overall energy fuel saving and reduce the emissions.
The commonly defined hybrid propulsion system is the combination of a conventional Internal Combustion Engine (ICE) and an auxiliary unit driven from clean energy sources. The most well-known one is the hybrid electric vehicle integrating ICE with an electric propulsion system. Alternatively, hybrid pneumatic engine composed of ICE and a compressed air power unit has also attracted growing interests [7] [8] [9] .
By applying regenerative braking, the hybrid pneumatic engine can recover the waste energy produced during the working process of ICE and store it in the form of compressed air. The engine can be driven by either fossil fuel or compressed air under different conditions. The key advantage of a hybrid pneumatic engine is that different operation modes can be realised in the same power unit since the reciprocating piston structure of ICE can also be used as a compressed air expander. Compared to the hybrid electric system, the system complexity of hybrid pneumatic engine is much lower. The hybrid pneumatic system integrating a pneumatic power unit to conventional fossil fuelled engine has been applied in fields like power generation and vehicle transportation. For example, Li et al [10] proposed an integration of pneumatic power system and a diesel engine which could be used for electricity generation in isolated areas. Multiple operation modes were designed on the integrated system, including the conventional combustion mode for diesel engine and air motor mode using direct expansion of compressed air. 4 System evaluation showed that the fuel consumption of the integrated system was 50% of the single diesel engine power generation unit and 77% of a dual diesel unit. Basbous [11] [12] [13] applied the concept of the hybrid pneumatic engine on a wind-diesel power generation system. The hybridization was capable of making a diesel engine operating under two-stroke pneumatic motor mode, two-stroke pneumatic pump mode and four-stroke hybrid mode. Zhang et al [14] studied a distributed generation system based on a diesel engine and compressed air energy storage, and the efficiency and fuel saving effect of the integrated system could reach 6.5% and 14.4%, respectively. Saad's calculation showed that the annual fuel savings can reach 60% for the diesel engine after the application of hybrid pneumatic concept [15] .
Hybrid pneumatic engine has also been studied for transport application since it is first proposed by Schechter in 1999 [16, 17] . Dimitrova et al [18, 19] applied hybrid pneumatic concept on a C Segment commercial vehicle with 3 cylinder gasoline engine. The hybrid pneumatic powertrain was simulated under different driving cycles and showed an efficiency improvement of 20-50%. The lowest fuel consumption was also evaluated to reach 51 g CO2/km. Liu [20] and Dou [21] studied the compression process of a hybrid pneumatic engine under different scenarios. Bravo [22] proposed a concept of a hydraulic-pneumatic system for braking energy recovery in heavy-duty vehicles. The simulation showed that the pneumatic hybridization could recover about 10% of total energy under different conditions. Lee [23] [24] [25] studied a cost-effective mild hybrid pneumatic engine concept for buses and commercial vehicles. The simulation showed that the fuel mass consumed during the NEDC cycle was 677 g for a standard vehicle and 631.2 g for a hybrid pneumatic vehicle, indicating a fuel saving effect of 6.8%. Wang et al. [26] conducted the simulation study of a hybrid pneumatic engine under urban driving-cycle, showing that the fuel consumption of a light-duty vehicle equipped with a hybrid pneumatic engine can be reduced by 8%. In addition to those mentioned above, a few numerical studies were also reported on the fuel-saving effect of hybrid pneumatic engine in different 5 applications [27] [28] [29] [30] [31] [32] [33] [34] [35] .
However, the pneumatic engine driven by compressed air suffers from its relatively low efficiency, which is normally lower than 35% although various optimizations have been used [36] [37] [38] [39] . Hence, new methods for the conversion of compressed air energy should be explored, among which the hybrid pneumatic combustion engine using Air Injection Boosting (AIB) system might be a potential solution. The working principle of air injection boosting is to use onboard compressed air to additionally supercharge the engine, as a supplementary for that provided by the turbocharging system. In this paper, the mathematic model of the hybrid pneumatic combustion engine using compressed air injection boosting system was established. The engine performance was analysed under both steady state and transient conditions. Based on the established model, the steady-state and transient analysis on the hybrid pneumatic engine are presented, and the influence of air injection parameters on the engine performance is also studied. The results obtained from this study can be used as a useful and important reference for academic researchers and industrial engine manufacturer. boosting system is installed on a 6-cylinder diesel engine. The air tank is used to store the compressed air generated from recovering the engine brake energy as described in the previous work [40] . During the regeneration of engine brake energy, the engine is operated as an air compressor, generating compressed air and pump to the air tank through the pipe shown as the red line in Fig. 1 .
Methodology

Description of the hybrid pneumatic combustion engine
When the engine is operating for power generation, the exhaust gas flows through the turbine and drives it to rotate, leading to the start of intake air compression by the compressor. The compressed intake air then flows through the intercooler to be cooled down, and finally enters the cylinder and mixes with the injected 6 fuel. Under most conditions, the engine efficiency will be increased due to the function of turbocharge system. However, the turbocharger system is confronted with low-efficiency issue under transient conditions. For example, the intake flow rate is gradually increased under instant acceleration condition due to the responding period of turbocharges system, causing the turbo-lag effect. Under these circumstances, the compressed air stored in the air tank can be guided through the injection valve into the cylinder to supercharge the engine, which can improve the intake air flow rate and potentially reduce the turbo-lag effect. By adding a compressed air injection boosting system, relatively higher overall system efficiency can be achieved, leading to a better dynamic and economic performance compared to a conventional engine. 
Mathematic modelling of the hybrid pneumatic combustion engine
Engine
The working process of the engine is similar to that of a conventional turbocharger engine. Hence, the modelling of the engine can be accomplished based on the theories of an internal combustion engine. Fig. 2 illustrates the control volume of the engine cylinder, where pc, Tc, Vc, mc and uc represent the pressure, temperature, volume, mass and specific internal energy of the in-cylinder gas, respectively; The pressure, 7 temperature, enthalpy and mass flow rate of the intake and exhaust are represented by p, T, h and dm, with the subscript in indicating the intake and A indicating the exhaust. mB and QB are the mass and combustion heat of the fuel injected into the cylinder, while φ and W respectively indicate the crank angle and work.
Fig. 2 Schematic of the cylinder control volume
Based on the above assumptions, the in-cylinder temperature can be expressed as
where cv is the specific heat of the gas in the cylinder.
The mass conservation of the cylinder control volume and the ideal gas law can be expressed in the following equations.
where r is the gas constant, and it can be obtained r=289 J/(kg·K) for air. 8 In addition to the above equations, extra equations describing the boundary conditions are required and listed as follows.
The instant cylinder volume is demonstrated in Eq (4)
where, Vd is the engine displacement, and ε is the ratio of the crank radius to the length of connecting-rod.
The intake and exhaust mass flow rate is expressed as
where S is the effective area of intake and exhaust valve, and μ is coefficient of flow; p1, ρ1 is the pressure and density of the fluid at the upstream of the valves, respectively. Ψ is the flow function determined by the pressure ratio between the up-and downstream fluid.
The heat due to the fuel combustion is expressed by Weibe function according to Ref [41] , while the heat transfer between the gas and cylinder wall is demonstrated as follow.
(
)
where AW is the effective heat transfer area of the cylinder wall, and TW is the cylinder wall temperature. hx is the heat transfer coefficient between the gas and cylinder wall, obtained according to Woschni empirical equation. The equations listed above were embedded in the simulation software GT-SUITE, thus completing the modelling of the engine. It should be note that the accurate description of the heat transfer and combustion of diesel engine requires a sufficient understanding on different physical and chemical processes occur during the engine operation, which was unable to be achieved without the studies on processes such as air motion in the cylinder or the fuel spray break-up or penetration. In order to simplify the modelling of the engine, the tuning constants of Woschni equation and Weibe function were set according to the recommended values 9 provided by GT-SUITE, which covers various conditions including different engine speeds and air fuel ratios.
Turbocharger system
The turbocharger system is composed of the turbine, the compressor and the mechanical connecting shaft,
where the powers of the turbine and compressor are expressed as follows.
Wcp and Wt are the power consumption and output of compressor and turbine, respectively. m and η represent the mass flow rate and efficiency, with the subscript cp and t indicating the compressor and the turbine. pcp2
and pcp1 are the pressures at the outlet and inlet of the compressor, while pt2 and pt1 stand for those of the turbine.
Except for the power, the torque balance of the turbocharger system is described by 
Mt, Mc and Mf represent the torque of the turbine, compressor and friction loss, respectively. Jt is the moment of inertia of turbine, and dωt/dt is the angular acceleration.
Compressed air tank
The modelling of the air tank is similar to that of the engine cylinder since the air tank can also be considered as a control volume, hence the air temperature and pressure in the tank can be expressed as 
dQtk is the heat transfer rate between the air tank and ambient, which can be neglected if the air tank is well 10 insulated. dmtk/dφ is the mass flow rate of the air entering or exiting the air tank and can be derived by assuming an adiabatic flow process of air.
Experimental validation
A 6-cylinder diesel engine has been used for modelling and experimental validation, and the specification of the engine is listed in Table 1 . The engine was operated under 100% load during the validation experiment, while the speed was varied from 900 r/min to 2300 r/min. The map of the fuel injection and supercharge system of the simulation model is also identical to that of the real engine. The comparison between the experimental and simulation results is illustrated in Fig. 3 . It can be seen that when the engine is operated under full load, the error of engine power between the experiment and simulation is below 4%, while the error of engine BSFC is approximately 3%. It should also be noted that the simulation error under part load conditions is expected to be approximately 5% since the different air fuel ratios were considered during the modelling. The engine model can therefore be regarded as reliable and suitable for further numerical analysis. 
Results and discussion
The engine model was established according to the equations listed above, together with the air injection boosting system, followed by the analysis on the engine performance under different conditions to justify the effects of Air Injection Boosting (AIB) on the performance parameters of the engine. During the analysis, the engine was set to be operated under different speeds ranging from 1000 r/min to 1900 r/min, and the engine load is varied from 20% to 100%. The mass of the fuel injected into the cylinder of the original engine was set identical to that after the application of air injection boosting under the same load and speed. The pressure of the air tank was set to constant to achieve a steady state analysis, while a certain tank volume was set during transient analysis together with initial tank pressure. Fig. 4 illustrates the intake mass flow rate of the engine under different conditions. It should be noted that the tank pressure is 0.5 MPa when the air injection boosting is adopted, while the diameter of the injection hole is 5 mm. Results indicate the intake mass flow rate is increased after the air injection boosting is adopted. 12 The explanation is that the intake flow consists of two streams when the air injection boosting is used, which is a mixture of compressed air from the compressor with lower pressure and the compressed air injected into the intake pipes through the injection valve. Therefore, the total mass flow rate of the intake is larger than that of the original engine without air injection boosting. Fig. 6 . After the application of AIB, the torque 13 and power can be improved to 1057 N·m and 210 kW, respectively. The improvement of the fuel combustion process inside the engine cylinder is the one of the reasons for this improvement. The intake mass flow rate can be increased when the air injection boosting is activated, leading to an increase in the amount of the fresh charge. Consequently, the in-cylinder pressure at the end of the compression stroke is increased, promoting the break-up process of diesel droplets, finally improving the combustion process. As shown in Fig. 7 , the peak in-cylinder pressure is raised from 12.5 MPa to 14 MPa with the application of air injection boosting at 1500 r/min and 100% load. Other possible reason is that the pumping process is also improved by adopting the air injection boosting due to a higher intake manifold pressure caused by compressed air injection. As shown in Fig.8 , the open cycle efficiency [42] of the engine is also improved by 1%~2% under various speeds and loads, indicating that a more efficient gas exchange process and lower negative pumping work can be achieved by adopting air injection boosting. 
Effects of air injection boosting under steady state conditions
Effects of air injection parameters on engine performance
Engine performance is also analysed in this section with different parameters of air injection boosting, including the tank pressure and diameter of the injection hole. During the analysis, the engine speed was set to 1100 r/min during the analysis for the convenience, while the engine load varied from 20% to 100%. Fig. 10 17 shows the variation of in-cylinder pressure of the engine versus air tank pressures under the speed of 1100 r/min and 100% load. It should be noted that the pressure of the air tank can be changed by the adjustment on the compressed air regenerative braking system in the practical application. As shown in Fig. 10 , higher peak in-cylinder pressure of the engine can be achieved under higher air tank pressure. A peak pressure of 13 MPa can be observed when the air tank pressure is 0.3 MPa, while it can be increased to 14.7 MPa if the tank pressure is raised to 0.7 MPa. One of the reasons for the variation of the in-cylinder pressure is the improvement of the fuel combustion process under higher air tank pressure. When the air injection boosting is applied, the amount of fresh charge in the cylinder is increased under higher air tank pressures, leading to more sufficient combustion of the diesel-air mixture. Other possible reason is that the pumping process is also optimized with higher air tank pressure, leading to a more efficient gas exchange process. The variations of the power and BSFC of the engine are shown in Fig. 11 and Table 3 . It can be 18 concluded that the increase of air tank pressure can lead to a better performance of the engine in both power and fuel economy. It can also be observed that the difference in power and BSFC become more obvious under high engine loads, indicating that the air injection boosting with higher air tank pressure might be more effective when the engine is operated under high load. The effects of the diameter of air injection hole on the engine performance have also been analysed. Note that the diameter of the injection hole refers to the hydraulic diameter, and can be changed by adjusting the 19 cross-section area of the flow path in the air injection valve. As shown in Fig. 12 and Table 4 , the enlargement of the hole diameter can lead to better power and economic performance of the engine. Under 1100 r/min and 100%, an improvement of 5.8% can be achieved on the engine power. Meanwhile, the BSFC is lowered by 5.5%
if the diameter of the air injection hole is increased from 3 mm to 7 mm. The improvement of the fuel combustion and pumping process under larger hole diameters are the possible reasons for the variation trend.
However, it should be noted that the mass flow rate of the injected air can be inevitably increased when the hole diameter is enlarged, indicating a higher consumption rate of compressed air recovered from the regenerative braking. Therefore, the determination of the size the injection hole should be based on a comprehensive consideration of the performance improvement and the consumption rate of the compressed air during real practice. 
Analysis under transient conditions
The previous analyses indicate that the performance of the engine can be improved by adopting in-cylinder boosting based on compressed air injection. In addition to the improvement under steady state conditions, an important function of air injection boosting is to overcome the turbo-lag effect of the engine during transient conditions such as acceleration or sudden torque variation. Therefore, the transient performance of the engine equipped with air injection boosting system is analysed and discussed in this section.
As for the transient analysis, the engine specification remains the same as shown in Table 1 . In order to simulate a real source of compressed air, an air tank with a volume of 150 L is added to the model. The operation conditions of the engine are set as listed in Table 5 . The engine speed remains stable at 1100 r/min during the whole process. The initial engine load is maintained at 20% for 5 s, and then increased to 100% in 0.5 s to simulate an instant load increase. After that, the engine load is maintained at 100% while the speed remains stable at 1100 r/min for 10 s. The compressed air will be injected into the intake port through a hole with the diameter of 5 mm, and the injection is activated at t=5.1 s. The initial pressure of the tank and injection duration are set differently to justify the effects of air injection boosting on the transient performance of the engine during the process. The torque variation of the engine during the transient process is illustrated in Fig. 13 . As shown in the figure, the torque of the engine basically remains stable at about 180 N·m until t=5 s. When the load is increased from 20% to 100%, the torque rises quite fast at the beginning, then gradually stabilises at 875 N·m.
The load variation is completed within 0.5 s, however it takes more than 4 s for the torque to reach a stable The difference of the torque variation can be attributed to the increase of intake mass flow rate during the transient process. When confronting an instant load increase, a short period of time is required for the turbocharging system to re-stabilize, leading to the shortage of intake air during the transient process, hence the torque of the engine is unable to increase as quickly as the load. However, the shortage of the intake air can be supplemented by the activation of air injection boosting. As shown in Fig. 14, the increase rate of intake flow mass becomes larger when the air injection boosting is adopted, hence the amount of air entering the cylinders can be raised during the transient load increase process, thus improving the combustion process The pressure variation of the air tank during the transient process is shown in Fig. 15 . It can be noted that the final pressure of the air tank is lower when a longer air injection duration is adopted. The final air tank pressure is 0.45 MPa when the injection duration is 3 s, while the tank pressure is decreased to 0.43 MPa if the air injection duration is extended 1 s longer. It can be predicted that the tank pressure will continue to decrease if the air injection duration is further extended. Hence, the positive effects of air injection boosting on the engine performance should be estimated against the consumption rate of the compressed air in practical application. The effects of air tank pressures on the engine performance during the transient process are illustrated in Fig. 16 . Note that the air injection duration was maintained at 3 s under each tank pressure. As shown in Fig.   16 , the air tank pressure has limited effect on the torque variation of the engine during the transient load 25 increase process since the torque difference between each tank pressure is less than 2%. The explanation is that the total intake flow mass of the engine has limited influence on the transient performance of the engine.
As shown in Fig. 17 , the maximum difference of intake mass flow rate is about 7%, however the effect of increased intake flow mass of the engine is weakened since the air injection duration is only 3 s. With the relatively short duration, the air injection with higher pressure is unable to leave sufficient influence on the intake flow of the engine. Considering the application of air injection boosting, lower air tank pressure is preferred since it is easier to reach during the regenerative braking process. In summary, this paper reports a simulation study of a hybrid pneumatic combustion engine using compressed air injection boosting to improve the steady state and transient performance of the system. The developed system can be potentially used for transport application by integrating with the internal combustion engine to recover the wasted kinetic energy during the braking process, and use the recovered energy to supercharge the engine to improve its overall efficiency and reduce the BSFC.
